Sorghum [Sorghum bicolor (L.) Moench] is a very important crop in the Sudan serving as a primary source of food, beverage, and total livelihood for millions of people in the country. The crop originated in the Northeast quadrant of Africa, and the Sudan is widely recognized as a major center of diversity. Although Sudanese sorghum germplasm has been assembled and stored over the last 50 years, careful analysis of this valuable germplasm has not been made. The objectives of this study were to assess phenotypic diversity and compare pattern of distribution among Sudanese sorghum landraces collected from different geographical regions. Phenotypic diversity among landraces was high, as expressed by the large range of variation for mean quantitative traits and the high (0.81) Shannon-Weaver diversity index. Landraces from Gezira-Gedarif tended to be shorter in stature, earlier in maturity and less sensitive to changes in photoperiod. They also had long, narrow and compact panicles that may result from adaptation to low rainfall and early adoption of mechanized farming practices. In contrast, taller and later maturing plant types characterized sorghums from Equatoria, most of which delayed their flowering in response to increased day-length. These sorghums included many genotypes with small and light kernels. Collections from Kassala showed a higher frequency of landraces with kernels that were more difficult to thresh. Landraces from Blue Nile tended to have greater agronomic eliteness with higher proportion of landraces with white kernels, poorly covered and that were easy to thresh. Sorghums from the Upper Nile tended to have loose panicles with poorly covered kernels that may result from adaptation to high rainfall of the Southern region. Although distinct distributions of types were represented by geographical origin, a high level of within-region diversity was present among all Sudanese sorghums.
sions from different states than those from within a therefore, is to assess regional phenotypic and genetic state. Among 10,386 Chinese sorghum landraces kept diversity estimates for a better understanding of the at the national genebank in Beijing, Li and Li (1997) diversity and distribution of the present Sudanese found a high degree of phenotypic diversity in the sorghum collection and to provide a basis for forcollection and reported the most diversity in landraces mulating policy for future action. from regions with the longest history of sorghum cultivation.
Sudan is one of the most important centers of Material and Methods sorghum domestication and cultivation. Sorghum is grown in every region of the country where it is Passport Information possible to raise a crop. Nearly 80% of the total grain production in the country is obtained from sorghum A total of 2,017 Sudanese sorghum landraces in the (FAO, 2001) . It is the staff of life for all Sudanese. In ICRISAT gene bank were included for this study many parts of the country the crop is wholly utilized (Table 1) . Passport information of accessions were (Ejeta 1980) . The grain is used for making kisra designated either by scientists of the institute which (unleavened bread from fermented dough), a local transferred the material to ICRISAT, or by local porridge, asida, a non-alcoholic beverage, abreih, and farmers where the germplasm accession was cola local beer, marisa. The stalks are used as building lected. Accessions that are geo-referenced in the material and the straw is utilized as animal feed or as collection were from five provinces: Gezira-Gedarif source of fuel. The great importance and the unique (includes entries from El Gezira, Khartoum, and place that sorghum holds in the lives of all Sudanese Gedarif), Kassala, Blue Nile, Upper Nile and was aptly described by Bacon (1948) who wrote, Equatoria. Collections from Kordofan, a region of ''. . . no where more so than in Sudan, where it significant genetic diversity, were included in the provides food and drink for man and more sustenance ''unknown source'' category (Table 1) , since the for beast than all other cultivated crops together. Easy database lacks appropriate georeference for collecto grow, hardy to survive, readily cooked and brewed tions from this region. The collection was divided into and keeping well in store, it is the nutritional backthree groups corresponding to the nature of the mabone of the country.'' terial, i.e., breeding lines, advanced selections (both Sorghums from the Sudan have impacted sorghum originating from Sudanese research institutes), or improvement efforts globally. They have served as landraces. Only landraces were considered in the germplasm sources for improvements in yield, present study. Landraces collected from farmers' drought tolerance, stalk strength, insect and disease fields were designated with local names as well as resistance, as well as nutritional quality (Rosenow localities and geographical coordinates (latitude, lonand Dahlberg 2000) . Early introductions of sorghum gitude and altitude) of the sampled fields. Accessions into the USA were primarily from the Sudan. Sudan from local markets or those donated by individuals was probably the place where mutations for height were described for passport data with local names and maturity took place in nature and where 'US-type occasionally, but primarily by the contributing instisorghums' originated, providing excellent opportunity tutes' geographical location. Within each region, the for gene transfer between tropical and temperate collected landraces were assumed to be a random sorghums (Rao 1977) . Indeed many varieties such as sample of the regional population of sorghum landhegaris, feteritas, zera zeras and kurgis have conraces. tributed much towards breeding of improved sorghum varieties in both USA and India (Rao and Mengesha Characterization Data 1980) . In spite of their immense global importance, however, no organized diversity analysis has been Upon entry into the genebank at ICRISAT, an internareported on sorghums of the Sudan except for a few tional sorghum number (IS number) was assigned to collection reports describing apparent variability each accession. Results from morphologic characteriamong landraces (Rao 1977; Rao and Mengesha zation and agronomic evaluation for each accession 1980; Ejeta 1980). The value of these collections is were recorded in the ICRISAT database. Morphologic better appreciated if a thorough analysis of the genetic characterization of accessions was conducted at ICdiversity is undertaken. The objective of this study, RISAT over the last 20 years as described by Appa associated with small sample size, provinces with the fewest entries were grouped together into a larger region. Such was the case for two accessions from Rao et al. (1996) . Unreplicated single row plots of Khartoum, which were grouped with material from El these accessions were grown in a completely randomGezira and Gedarif to form the Gezira-Gedarif region. ized design on a vertisol soil at ICRISAT Patancheru, Regional means were compared through unequal India (178259N, 788E) and characterized during the variance t-tests as recommended for cases where rainy and the post-rainy seasons (Rao and Bramel assumption of homogeneity of variance is not met 2000). Longer day-lengths, lower temperatures, and (Johnson 1995). Experiment-wise error was minicloudy and rainy weather often characterize the rainy mized by adjusting the critical probability for acceptseason. Only plant height (PHTK) and days to flowering differences to p , 0.005 (5 p , 0.05/n where n 5 ing (FLK) were recorded during the Kharif, long 10 pairwise tests) as per Bonferroni. Mean comparirainy season. During the Rabi, post-rainy season, data sons were performed using SAS version 8.2 (SAS were recorded for seven quantitative characters, Institute Inc., 2001). namely, plant height (PHTR), days to flowering Ten qualitative and one ordinal character were (FLR), panicle exsertion (PEX), panicle length and encoded with two to six classes. Frequency distribuwidth (PLG and PWD), kernel size (KRS), and 100-tions for the 11 discrete variables were determined by seed weight (SWT). Additional data on one ordinal grouping observations according to regional origin. character, i.e. number of basal tillers (BT), and on 10
For each region, deviation from the expected frequalitative characters, namely presence of nodal tilquency, as obtained from the distribution in the total lers (NT), plant pigmentation (PIG), glume color landrace collection minus the region under considera-2 (GLC), midrib color (MIC), panicle compactness and tion, was assessed using a Chi test and applied shape (PCS), threshability (THR), glume covering according to procedure described by Snedecor and (COV), kernel color (KRC), endosperm texture Cochran (1989) . Comparisons were only performed (TEX), and presence of subcoat (SC) were also when the expected frequency for a specific class was 2 recorded. Race classification of Sorghum bicolor ssp. greater than unity. Chi test was not performed when bicolor, as proposed by Harlan and de Wet (1972) and this condition was not met. defined by five races (Bicolor, Caudatum, Durra, Morphological diversity was also estimated by Guinea and Kafir) and their 10 intermediates based on considering multiple characters together. Principal spikelet and panicle shape at maturity, was used to component analysis was performed on the nine quanassess racial distribution.
titative characters after standardizing the data to a In a recent study (Grenier 2000) , this phenotypic mean of zero and variance of one. Number of exdatabase was validated with a new set of data coltracted factors was determined following the Kaiser lected on 642 randomly selected accessions during criterion, and factors were only retained when their both the Kharif and Rabi season of 1997 and 1998, at eigenvalue exceeded unity. Varimax rotation procePatancheru, India. Experimental layout was again, dure was used to determine the factor load as it single row plots, completely randomized, and with a maximized the variance of the squared normalized local genotype interspersed as check. Phenotypic factor loadings across variables for each factor. characterization was conducted to assess location and Principal component analysis was performed with the year effects. Results indicated that data on all quanStatistica version 5.1 software (Statsoft 1997 drummondii (an annual weedy species) were also variance was calculated prior to comparing indices present. Landraces belonging to the race Kafir, its through t-tests as shown in Jain et al. (1975) collection was heavily skewed (80%) towards the entries in the two groups. Type I error was minimized Caudatum race and its intermediate forms. with the Bonferroni adjustment.
Racial distribution was markedly different among regions. Sorghums from Gezira-Gedarif included 14 races made up mainly of Caudatum and its interResults mediate races. Among landraces from the Kassala region, six races were present with Caudatum and Passport Distribution Durra equally represented. Race Bicolor represented 16% of the landraces from Kassala. This is much Among the 2,017 Sudanese sorghum landraces mainhigher than the frequency of the Bicolor sorghums in tained at ICRISAT, only 45% were geo-referenced in the total Sudanese collection (4%). In the Blue Nile the database with information on province and / or region, six races of sorghum were included with race specific locality of origin (Table 1) . Gezira-Gedarif, Caudatum predominating (49%) followed by its interone of the major irrigation schemes and large-scale mediate Caudatum-Guinea (27%). More races were mechanized sorghum farming areas of the world included in landrace sorghums from Upper Nile compared to the expected ones found in the total collection minus the region under consideration through a Chi test; indicates that frequency were not tested for deviation from the expected frequency; * indicates significant differences at p , 0.05.
rainy season reflect adaptation to longer day-lengths. Equatoria were the tallest and latest in flowering The ranking of regions for PHTK showed the same whereas landraces from Gezira-Gedarif were the pattern as for PHTR with significant (p , 0.05) shortest and the earliest. correlation between PHTR and PHTK and with high Panicle characteristics: Sorghums from Equatoria coefficient among regions (Pr 5 0.64). However, had good PEX, as the poorest exsertion recorded was ranking of regions for maturity differed between nine centimeters. Pairwise mean comparison indiseasons. The latest sorghums recorded during the cated that landraces from Equatoria were significantly rainy season (FLK 5 190 days) were among the more exserted than accessions from all other regions material from Gezira-Gedarif, and not in Equatoria except Gezira-Gedarif. The highest values for PLG where the latest landraces recorded during the postand PWD were found among sorghums from Kassala rainy season (FLR 5 106 days) were found. Furtherregion (PLG 5 44 cm and PWD 5 25 cm). Sorghum more, among regions, Gezira-Gedarif showed the from Blue Nile tended to include mostly accessions smallest (Pr 5 0.27) correlation coefficient between with long and large panicles as they showed the FLR and FLK. Comparison of mean values among greatest lower limits of range values for these two regions for both seasons showed that sorghums from traits (PLG 5 15 cm and PWD 5 6 cm). The min min opposite was true for sorghums from Equatoria, ratio was almost reversed for sorghums from Blue which had the lowest upper limit of range values for Nile with 34% white and 62% dull midrib accessions, both panicle length and width (PLG 5 32 cm and whereas landraces form Gezira-Gedarif were more max PWD 5 12 cm). Based on comparison of means, frequently (66%) characterized with white MIC than max sorghums from Kassala and Blue Nile regions apthe rest of the collection. Yellow midribs were rare in peared to possess long panicles that were larger than the Sudan collection, since only a small portion (2%) those found among landraces from Gezira-Gedarif, of the landraces in the total collection had yellow Upper Nile, and Equatoria. midrib, and sorghums from Gezira-Gedarif had an Kernel characteristics: Sorghums originating from even smaller (0.3%) frequency of yellow midrib Kassala had both the smallest (1.8 mm) and the types. largest (5 mm) KRS, as well as the highest (7.3 g)
Panicle characteristics: for PCS, a higher propor-SWT. Gezira-Gedarif appeared as the region for tion (56%) of accessions of the entire collection were sorghums with the smallest SWT (1.32 g). Sorghums characterized with compact panicles. Frequency of that originated from Equatoria showed both the highcompact panicles was significantly higher among est value for the lower limit (KRS 5 2.5 mm) and sorghums from Gezira-Gedarif and from Upper Nile min the lowest value for the upper limit (KRS 5 3 mm) (69% for each). In the total collection, sorghums with max of kernel size, indicating a reduced variability. loose panicles included 40% with stiff branches and Among all regions, landraces from Equatoria were 3% with drooping branches. Gezira-Gedarif sorghums characterized with the smallest mean values for both were less commonly characterized with loose pani-KRS and SWT.
cles, 31% showed loose and stiff branches and 1% loose and drooping branches. Sorghums from Upper
Qualitative characters
Nile had a significantly lower frequency (17%) of landraces with loose stiff branches and a relatively Basal and nodal tillers: Among sorghums originating higher frequency (14%) of landraces with loose from Kassala and Blue Nile regions, only landraces drooping branches. Most of the Sudan collection with multiple BT were observed. Agronomic evalua-(68%) was classified as panicles with easy THR. The tion for presence or absence of NT showed that proportion of easily threshable panicles was higher globally Sudanese landraces have a great (92%) tenamong sorghums originating from Blue Nile (97%), dency to produce nodal tillers. The proportion was and smaller among landraces from Gezira-Gedarif reversed in the collection from Equatoria where land-(62%) and Upper Nile (26%) when each is compared races were characterized with higher frequency of to the rest of the collection. Partly threshable sorabsence of nodal tillers and the lowest the proportion ghums were significantly higher (72%) in collection of accessions without tillers.
from Upper Nile, and significantly smaller (2%) for Plant, glume and midrib color: Most entries (93%) accessions from Kassala. Among sorghums from in the Sudan collection had pigmented plants, with no Kassala, 20% were recorded as difficult to thresh in significant differences among regions for the trait.
contrast to the rest of the collection. Approximately one-half (53%) of the collection conGlume coverage: Assessment of COV resulted in tained dark (black / purple) glumes evenly distributed 48% of the entries in the collection characterized with among regions. Frequency of red GLC among landonly up to 1 / 4 of the seed covered by the glume, 40% races from Gezira-Gedarif was significantly smaller of the collection with 1 / 2 of kernel covered by glume, (11%) than in the rest of the collection. The proporand 12% of the collection with kernels 3 / 4 to fully tion of accessions with sienna GLC was low (6%) covered by glume. Sorghums from Gezira-Gedarif among landraces from the Upper Nile and higher had an almost equal frequency of poorly covered among collections from Blue Nile (37%), Kassala kernels (42%) and those with intermediate coverage (33%) and Gezira-Gedarif (24%). The proportion of (47%). In both Blue Nile and Upper Nile regions, the mahogany GLC was smaller (3%) among sorghums landraces were characterized with poorly covered originating from Blue Nile than in the rest of the seeds, 70% and 60%, respectively. These regions also collection and higher (20%) in accessions from the have significantly less sorghum with 3 / 4 to full Upper region. MIC for the entire Sudan collection coverage, about 3% for both regions. was divided between white and dull colors representKernel color: KRC was characterized as physical ing 62% and 36% of the collection, respectively. This appearance of the kernels, notwithstanding the genetic basis for the expression of this trait. Approximately of the variance and was significantly and positively 55% of the collection was evenly distributed between associated with plant height and days to flowering sorghums with brown seeds and those with grey recorded during both the rainy and post-rainy seasons. seeds. This distribution was different among land-
The second axis explained 19% of the variance and races form Gezira-Gedarif where frequency of brown was associated with kernel size and 100-seed weight. and grey were significantly lower (both 21%), among A third axis, explaining 12% of the variance was landraces from Equatoria, which showed a higher associated with panicle length. Plotting the accessions frequency (56%) of brown seeded sorghums, and on the first two axes (Figure 1 ) as well as on the first among sorghums from Upper Nile where proportion and third factor (not shown) graphically demonstrated of grey seeded plants was higher (35%). Kernel color that landraces from different regions cover the factorifound in the collection was evenly distributed with al space unequally. For instance, sorghums from straw (15%), red (13%), white (11%), and yellow Gezira-Gedarif, despite covering the greatest area, (5%) kernels. Frequency of straw (21%), white (17%) were more densely represented on the factorial space and yellow (7%) seeded landraces was higher in corresponding only to the shortest and earliest plants. Gezira-Gedarif sorghums, and frequency of landraces Accessions from Upper Nile, widely and evenly diswith white kernels was the highest (25%) in Blue Nile tributed on the first axis, had more landraces repreand the lowest (3%) in the Upper Nile. Proportion of sented in the factorial space where large and heavy landraces with red kernels among sorghums from seeded sorghums were plotted. Sorghums from Blue Blue Nile was lower (4%) than in the rest of the Nile were more broadly distributed among the tall and collection.
late landraces and also showed a more compact Endosperm characteristics: TEX was significantly distribution among the short and early plants with different among sorghums from different regions.
small and light kernels. Similar observation could be Few landraces (6%) in the Sudan collection possessed made for sorghums from Kassala, where short and corneous endosperm. A higher proportion of landearly landraces were essentially small-seeded. Landraces had kernels with either partly corneous (40%) or races from Equatoria showed essentially sorghums partly to completely starchy (54%) endosperm. Sorwith small-seeded, tall and among the latest plants. ghums from Gezira-Gedarif showed an increased Diversity was also estimated using the Shannon-(9%) frequency of landraces with mostly corneous Weaver diversity index calculated from frequency endosperm and a reduced (45%) frequency of partly distribution of multiple morphological traits (Table  starchy . Sorghums from Upper Nile showed reduced frequency of partly corneous endosperm (28%) and (Table 5 ). The first axis accounted for 36%
weight. 6). Estimates were based on phenotypic variability of (0.7). For PCS, accessions from Equatoria (1.04) the landraces, only considering the discrete characwere more diverse than those from Gezira-Gedarif ters. High global index of diversity (H9 5 0.81) was (0.65). THR and COV characters opposed the most found in the total collection. Within region, however, diverse collections from both Gezira-Gedarif and the range of mean index of diversity varied from H9 5 Kassala, to collections from Blue Nile and Equatoria. 0.64 for accessions from Equatoria, to H9 5 0.78 for Considering KRS, landraces from Gezira-Gedarif sorghums from Gezira-Gedarif. Pair-wise comparison (1.73) were more diverse than those originating from of the diversity indices using the t-test did not reveal Upper Nile (1.5). significant differences (p , 0.005) between the mean diversity indices obtained among the regions. However, the diversity indices differed among regions for Discussion specific characters. For instance, collections from Gezira-Gedarif (0.93) and Upper Nile (0.91) ex-
The Central Clay Plain of the Sudan is home to a great hibited significantly higher diversity value for BT variety of sorghum types. With favorable rainfall than Kassala and Blue Nile regions (both 0.53). For distribution, heavy alluvial soils, and high seasonal NT, Upper Nile showed the highest diversity value temperatures, the area has a long history of sorghum (0.44), while sorghums from Kassala were monocultivation, and currently presents a well developed morphic. Equivalent diversity was found among reirrigated and mechanized farming schemes (FAO, gions for PIG except for Kassala and Equatoria where 2001). A number of agronomically elite landraces landraces were monomorphic. Landraces from Kashave been collected from this region (Ejeta 1982) . sala exhibited more diversity (1.02) for MIC than Taxonomically, sorghums of the race Caudatum make landraces from Gezira-Gedarif (0.66) and Upper Nile up the most dominant type in Central Sudan and adjacent regions (de Wet and Harlan 1971) suggesting is one of the most widely used diversity indices perhaps that Sudan was the center of origin for (Magurran 1988 ). This index is a relevant estimate sorghums of the Caudatum race (Stemler et al. 1975) .
commonly used for population ecology and measureOther studies have described Caudatum as a race with ment of species diversity (Pielou 1966; Jain et al. great agronomic value (Doggett 1988 ), better adapta-1975 . It is also popular especially in investigations of tion to harsh conditions (Stemler et al. 1975 ) and a structural diversity (Magurran 1988 Larson et al. 2001 ). Furthermore, this index 1988 Asante 1995) . This was corroborated through presents several useful properties, such as the additive our principal component analysis that showed global properties that allow pooling of multivariate classes phenotypic diversity in the Sudan collection as being and likewise pooling over geographic regions, to differentially distributed among regions, with specific evaluate the diversity component through hierarchical patterns drawn for each geographical area of origin.
analyses of variance (Jain et al. 1975 . In our study, Shannon-Weaver diversity index in each region. Among regions, the mean values for values for the Sudanese sorghum appear smaller than the Shannon-Weaver index are not significantly differthose found for the germplasm from Ethiopia (Ayana ent, but differences were found when individual and Bekele 1998). However, neither the phenotypic characters were considered. These observations sugdescriptors nor the number of classes used to describe gest that some regions have high diversity for parthese two studies were the same. Therefore, careful ticular traits while in other regions selective pressures attention should be given in the definition and aggrehave reduced the variation to certain ideotypes. gation of the phenotypic classes within a character The Shannon-Weaver index, based on both the since a distribution that approximates evenness, i.e., species richness and the evenness of the distribution, where each class tends to have the same observed plasm from Ethiopia and Eritrea. Genet. Resour. Crop Evol. 46: frequency, could result in an overestimated diversity 273-284. index and vice versa. within a species is distributed among its populations germplasm based on quantitative-morphological data. Genet.
needs to be taken into consideration (Gray 1996) . In
